Pathologic effects and host response were evaluated in seven white-tailed deer (Odocoileus virginianus) and six mule deer (0. hemionus hemionus) each exposed per 0s to 300 or 1000 third-stage larvae of Parelaphostrongylus odocoilei. Pathologic effects in mule deer consisted of hemorrhagic myositis throughout skeletal muscles, severe verminous pneumonia, and moderate lymphadenitis. The major host response was a granulomatous inflammation associated with nematode eggs and larvae. Granulomas obliterated the normal architecture of affected tissues. Pathologic effects and host response were minimal in white-tailed deer. P. odocoilei is considered a potential direct or indirect pathogen in mule deer but an insignificant parasite in white-tailed deer.
Natural infections of Parelaphostrongylus odocoilei (Hobmaier and Hobmaier 1934) are reported only from black-tailed deer, Odocoileus hemionus columbianus and/or mule deer, 0. h. hemionus in California'** and Alberta.' Although specific identification of P. odocoilei is possible only on the basis of morphology of adult worms, a high prevalence of eggs and larvae indistinguishable from those of P. odocoilei' [Samuel, unpub- lished observation] suggests that the worm may be a common parasite of 0. hemionus.
Within the definitive host, adult worms apparently move through connective tissue in various skeletal muscles and associated fat deposits.' Although some eggs and larvae are found in host most are released directly into the circulatory system and filtered out in capillary beds in the lung^.^,^ Lesions in naturally infected deer'-3 suggest that the potential exists for the worm to cause damage to vital tissues of the host.
Indeed, Parelaphostrongylus odocoilei was considered the primary cause of death in a yearling black-tailed deer' and could be an important direct or indirect mortality factor in host populations.
Odocoileus hemionus appears to be the primary host species for this worm. However, in many parts of its range, 0. hemionus is sympatric with other potential cervid hosts, such as white-tailed deer (0. virginianus), wapiti (Cervus elaphus), and moose (Aces alces). The pathologic effects and host response in these species have been examined only in moose. Localized damage in the lungs and skeletal muscles of experimentally infected calves is r e p~r t e d .~ We report the pathologic effects and host response to P. odocoilei in experimentally infected captive mule deer and white-tailed deer fawns.
Materials and Methods
In 1978-1981, neonatal mule deer and white-tailed deer fawns were collected from various regions of Alberta. The fawns were maintained at the University of Alberta Biomedical Animal Centre following procedures as outlined! After weaning, six mule deer and seven white-tailed deer, approximately IZweeks-old, were exposed per 0s to 300 or 1000 third-stage larvae of P. odocoilei (table I) . Larvae were derived from natural infections in mule deer in Jasper National Park, Alberta. Two mule deer and four white-tailed deer were maintained as controls.
Further methods were detailed previously.6 Briefly, fawns were weighed and bled weekly starting two to three weeks prior to exposure. Total red blood cell, total white blood cell, hematocrit, and hemoglobin values were determined. Twoway analysis of variance of hematologic data grouped by host (mule deer or white-tailed deer) and treatment (infected or control) in each of three time periods (pre-exposure, prepatent, post-patent) was followed by comparison of paired group means. Time periods in control fawns were derived from mean values in fawns exposed to worms. Regression slopes of linear increase in weights were compared.
Fawns were killed by intravenous injection of sodium pentobarbital at different times after exposure to worms (table  I) . Assessment of body condition was based on the amount and extent of subcutaneous and visceral fat using five categories ranging from poor .to excellent. At necropsy, particular attention was given to the skeletal muscles, lungs, central nervous system, and vertebral canal. The color, texture, and size of the lungs was assessed and ranked on a scale of 1 to 5 (normal to severe). Percentage of damaged lung parenchyma as well as the size and density of granulomas within histologic sections of the lungs were determined. Quantitative data were analyzed by analysis of variance. A significance level of p < 0.05 was accepted for all analyses.
Results
No fawns had clinical signs prior to 75 days postexposure. At 75 days post-exposure, all infected mule deer became inactive and dyspnea was noted after minimal exercise. One fawn developed continual labored breathing 92 days post-exposure and minor exercise resulted in prolonged gasping. This fawn died in respiratory distress 104 days post-exposure (7 weeks post-patency). Much hemorrhagic foam was discharged from the mouth and nares at death. Control deer and white-tailed deer exposed to P. odocoilei remained normal clinically throughout the observation period.
Mule deer and white-tailed deer exposed to P. odocoilei had a significant increase in the percentage of eosinophils in differential white blood cell counts after exposure to larvae [F(5, 132) = 12.14, F(5, 168) = 12.04, respectively, p < 0.00 11 (table 11). Absolute eosinophil values also increased after fawns were exposed [F(5, 126) = 8.61, F(5, 157) = 5.91, p < 0.0001, mule deer and white-tailed deer, respectively]. After patency, eosinophil counts remained elevated in mule deer but returned to control values in white-tailed deer. No differences were noted between either mule deer or white-tailed deer control values in different time periods. All other hematologic values were similar in infected and control fawns (table 11).
Body condition of control fawns was excellent in three white-tailed deer and very good in one mule deer and one white-tailed deer. Of six mule deer exposed to P. odocoilei, condition was rated very good in one fawn, good in three, fair in one, and poor in one. Of six whitetailed deer exposed to P. odocoilei, condition was excellent in three fawns, very good in one, and good in two. Of the two deer in good condition, one had a congenital locomotory problem and the other did not adapt well to captivity and appeared stressed throughout the experiment. Weight gains throughout the experimental period did not differ between years nor between infected and control fawns.
All worms recovered from mule deer were associated with gross tissue damage in the muscles; however, the size and extent of damage varied with length of infection. The predominant lesions were focal necrosis in the skeletal muscles and on a few nerves, and hemorrhage in the muscles. Focal necrosis was more common in later infections.
At 54 days post-exposure, hemorrhages were small (1-2 cm2) and black. At 99 and 104 days post-exposure, hemorrhages ranged in size from 5-15 mm to 30 mm x 70 mm. Occasionally, long thin hemorrhages (10 mm x 20-40 mm) were found, usually with worms at one end. The adjacent muscle fibers were friable.
At 12 1 to 138 days post-exposure, frank hemorrhage and long, thin hemorrhages were common in muscles of the back and thighs. A few degenerating worms ensheathed with thick yellow-white material were seen on the serosa or deep within muscle bundles. Adjacent muscle tissue was not affected.
Histologic examination of infected mule deer revealed diffuse hemorrhage associated with minor cel- Post-patent
Pre-exposure 50+5 Vasculitis was prominent in most muscle sections. Vessels (usually veins and venules) were seen in various stages of degeneration. Vascular congestion, occlusion, collapse, distension, and occasional cuffing with lymphocytes all were noted. Female worms in veins often were at the core of a thrombus consisting of eosinophils, lymphocytes, and macrophages within a fibrin matrix.
In later infections, lesions were more extensive and associated with eosinophils and macrophages. Eggs and larvae in fat, connective tissue, and muscles adjacent to veins were associated with lymphocytes, macrophages, giant cells and necrosis ( fig. 3 ).
Lesions adjacent to peripheral nerves were associated with the presence of nematode eggs and first-stage larvae. Localized accumulations of neutrophils and lymphocytes were seen in the connective tissues and fat adjacent to nerves. Some cells were within the endoneurium directly adjacent to nerve fibers but the fibers were unaffected. First-stage larvae were associated with giant cells and minor swelling and vacuolation of some nerve fibers. No lesions were noted in the skeletal muscles of white-tailed deer exposed to P. odocoilei or of control fawns.
The lungs of both control mule deer and three of four control white-tailed deer were normal grossly. The remaining white-tailed deer had minor damage consisting of a few petechial hemorrhages in one diaphragmatic lobe. In mule deer exposed to P. odocoilei, the lungs of one fawn were damaged heavily (frank hemorrhage throughout, some firmness) and those of five were damaged severely (consolidation present, firm throughout, failure to collapse). Cut surface of the lungs of all infected mule deer revealed a firm parenchyma with extensive white fibrous tissue interspersed with focal hemorrhage. In white-tailed deer exposed to P. odocoilei, the lungs of four fawns were normal and those of three had a few small hemorrhages.
Mean total lung weights were significantly higher in the six infected mule deer (1085 rt 141 g) than in control mule deer (280 g, 360 g) [F( 1, 5 ) = 43.60, p < 0.0021 and five infected white-tailed deer (297 k 109 g) [F(1, 8) = 87.08, p < 0.00011. No other significant differences were noted. The lungs of the two remaining white-tailed deer were not weighed.
The major histologic lesion in the lungs of mule deer was a granulomatous inflammation around eggs and larvae within the alveolar walls ( fig. 4 ). Granulomas were distributed throughout all lobes of the lung and additional lesions were related to the size and number of granulomas.
In early infections, a few large mononuclear cells were present within the alveolar walls containing an egg or larva. These small, discrete granulomas were most common in tissue adjacent to respiratory or terminal bronchioles in peripheral areas of the lobules. Caseous necrosis was noted in the central areas of a few granulomas.
Generalized congestion and thickening of alveolar walls were apparent throughout lobules containing eggs and/or larvae. A mild bronchitis and bronchiolitis was associated with larvae in the lumen or mucosa of small airways. Neutrophils and a few eosinophils were present in bronchial lumina. Occasionally, thrombi of eggs, neutrophils, and macrophages were present. Lobules without parasites were mildly emphysematous. All lesions present in the early stages increased in severity throughout the infection. Granulomas, consisting of large mononuclear cells and a few neutrophils and eosinophils became large and confluent, completely destroying the normal architecture of the parenchyma. Fibroblasts were noted on the periphery of granulomas. Granulomatous tissue destroyed most respiratory bronchioles but other granulomas were distributed widely throughout all lobes.
Focal necrosis and calcification were seen commonly in granulomas containing hatched eggs and/or firststage larvae. Necrotic areas were surrounded by extensive localized hemorrhage and eosinophilic proteinaceous fluid free within airways and alveolar spaces. Bronchi and bronchioles were dilated in all sections and many airways contained larvae, lymphocytes, neutrophils, mucus, and cellular debris. Alveolar spaces not directly involved in the granulomatous response were emphysematous. Inflammation of interstitial tissues also was present.
Extensive vasculitis, particularly arteritis, was noted in all lung sections. Lesions consisted of perivascular cuffing with small and large lymphocytes, vascular congestion and occlusion with larvae and cellular debris, and degeneration of arterial walls.
Histologic lesions in controls and white-tailed deer exposed to P. odocoilei did not differ and were indicative of a mild inflammatory response to persistent irritation-possibly dust. Cellular damage was present in the lungs of all fawns examined. Quantitatively, the percentage of damaged tissue was significantly greater in mule deer exposed to P. odocoilei than in control fawns [F(2, 36) = 71.38, p < O.OOOl] and white-tailed deer exposed to worms [F(2, 40) = 27.57, p < 0.00011. Values also were higher in white-tailed deer exposed to worms than in controls [F(2, 28) = 11.45, p < 0.0021. The mean size of pulmonary granulomas, which were seen only in mule deer exposed to worms, differed significantly among fawns nodes. No gross lesions were seen in the lymph nodes of control fawns or of white-tailed deer exposed to P.
odocoilei.
Histologic evaluation of the lymph nodes of four mule deer exposed to P. odocoilei revealed granulomas in the afferent lymphatics, subcapsular spaces, and distal cortex of the inguinal, bronchial, axillary, and mediastinal nodes. Granulomas consisted of a core of eggs and larvae surrounded by giant cells, macrophages, and pink amorphous material. In two deer, eosinophils also were common in granulomas. Fibroblasts and loose connective tissue were noted on the periphery of the granulomas. Granulomatous inflammation appeared to be more common in later infections.
Arteritis, congestion, hemorrhage, and siderocytes were common in the medullary sinuses of affected nodes. Germinal centers were hyperplastic in all nodes containing parasites. Minor insults of consolidation and edema within the medullary sinuses also were noted in various nodes.
Lesions in the lymph nodes of control fawns and of white-tailed deer exposed to P. odocoilei were mild congestion and accumulation of hemosiderin in mesenteric and ruminal lymph nodes. No granulomas, eggs, or larvae were seen. Verminous hepatitis was noted in one mule deer exposed to P. odocoilei. Grossly, a large (40 x 10 x 10 mm) firm, white area was present on the ventral edge of the left lobe of the liver. Histologically, numerous discrete round (mean size = 532 f 255 pm) granulomas, similar to those seen in lymph nodes, were found in portal regions within the lesion. Eosinophils were common in these areas. Granulomas near the serosa were larger and contained more larvae than those in deeper tissue. The liver parenchyma was destroyed completely throughout the lesion while hepatocytes not directly involved in granulomas were large and vacuolated. Minor focal inflammation was present in some portal areas throughout the remainder of the liver. Additional hepatic lesions consisted of minor focal hepatitis in three mule deer and one white-tailed deer exposed to P, odocoilei.
A mild to moderate enteritis was present throughout the gastro-intestinal tract of all deer exposed to worms. Lesions were more extensive in mule deer. No lesions were seen in gastro-intestinal tissues of control fawns.
Miscellaneous infections with helminths other than P. odocoilei (usually gastrointestinal trichostrongyles)
were present in many fawns. Intensities were low (< 50 worms) and no lesions associated with these infections could be detected. Two mule deer harbored low-level infections of Taenia krabbei in skeletal muscles. Response to these infections was minimal and restricted to the immediate vicinity of the cyst. Three mule deer and one white-tailed deer were infected with low numbers of Dictyocaulus viviparus in the bronchioles. Infections were not patent and damage to the lungs was minimal.
Discussion
Host response to infection with P. odocoilei depended on the stage of development of the parasite. Cellular response to adult worms in connective tissue of skeletal muscles was minimal. In contrast, eggs and larvae evoked a granulomatous inflammation in all tissues where they were found. Components of the response indicated activation of the host immune system similar to the situation observed in P. andersoni infections.6 Different responses to different developmental stages have been described in other nematode infections and may relate to antigenic makeup," metabolic a~tivity,~ or sequential development of an immune response.'
Lesions were associated with all stages of Parelaphostrongylus odocoilei infections. Hemorrhage and necrosis were common throughout skeletal muscles and appeared to relate directly to the activity of adult worms. Large numbers of worms recovered from a variety of muscles in mule deer8 could cause widespread impairment of muscles in infected individuals. The absence of clinical anomalies in the gait and stance of infected fawns may be associated with decreased activity of captive fawns; however, the muscle lesions observed are considered severe enough to interfere with movement in free-ranging deer.
Tissue disruption and subsequent necrosis and calcification were associated with all eggs and larvae seen in tissue sections. The granulomatous inflammation could lead to blockage of normal circulatory patterns in the lungs (blood and air flow) and lymphatics (lymph flow) and, thus, impair the functioning of these vital tissues. The respiratory distress noted in our captive, experimental fawns would be compounded in freeranging deer with greater oxygen demands. The latter individuals easily could be compromised in their ability to respond to stresses and predators encountered in daily activities.
The actual effects of insults in the lymphatic system on the well-being of the host are unknown. Regional lymph nodes are important components of the immunologic response and provide a primary defense against soluble and particulate antigens. Lymph received from afferent lymphatics is filtered as it drains through the cortex and medulla. Any disruption of this flow would impede the function of the node and, thus, compromise the immunologic competence of an animal.
The granulomatous response to eggs and larvae in lymph nodes easily could disrupt lymph circulation in mule deer infected with P. odocoilei. Although the lymph system does not appear to be a major route for eggs and larvae to reach the lungs,6 granulomas were a frequent lesion in lymph nodes of infected mule deer and the number of granulomas appeared to increase in later infections. Thus, the possibility of damage to the lymphatic system is high.
Parelaphostrongylus odocoilei is a potentially serious pathogen in mule deer populations. Tissue damage was severe and increased throughout infection while evidence of repair was minimal. All infected mule deer had a loss of overall condition during the infection and one fawn died as a direct result of respiratory dificulties. In addition, experimental infection with P. odocoilei has been maintained in mule deer for at least six years [Samuel, unpublished observation]. Thus, damage to an infected deer could accumulate.
Information concerning natural infection levels is scanty and the dosage levels used in the current study are arbitrary. However, distinct trends in overall response are apparent. The data suggest that a few individuals in a mule deer population could be overwhelmed directly by infection with P. odocuilei. In contrast, most deer can withstand the direct effects of an infection, but regardless of initial dose, they will suffer progressive damage to vital tissues. Such damage would be an additional stress on a free-ranging host.
Damage to pulmonary, lymphatic, and muscular tissue appears insignificant in white-tailed deer exposed to P. odocoilei. Although patent infections were apparent in white-tailed deer,' fewer, less extensive lesions, and failure to recover larvae and adult worms at necropsy suggest low establishment rates and rapid removal of worms from the host. It is not known why infection with P, odocoilei is not maintained in whitetailed deer nor at what stage the infection is limited.
Variation in pathogenicity is apparent in different host species exposed to P. odocoilei. Although the location and type of response are similar in mule deer to those in black-tailed dee? and moose,7 severity of infection differs. It is low in white-tailed deer, moderate in moose, and high in mule deer. The severity of infection in black-tailed deer is understood poorly but probably is low to moderate [Pybus, unpublished observation]. Differences appear directly related to numbers of adult worms present in skeletal muscles.
